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THE 1965 ARFA-AEC JOINT LIGHTNING STUDY AT LOS AIAMGB

VOLUME I
THE LIGHTNING SPECTRUM. CHARGE TRANSFER IN LIGHTNING. EFFICIENCY CF

CONVERSION OF ELECTRICAL ENERGY INTO VISIBIE RADIATION
T. Robert Connor

ABSTRACT

In the summer of 1965 the Atomic Energy Commission and the Department

of Defcnse (ARPA) sponsored studies of the optical and electromagnetic
emissions of lightning at Los Alamos, N. M., to obtain information for
improving lightning discrimination methods in high altitude air fluores-
cence detection systems. The project was a coaxdinated effort among IASL,
EG4G, DRI, and a smll AWRE team. IASL obtained slitless spectra of il
strokes from six flashes., The analysis and evaluatior. of these spectra
and carrelated electric field data are the subject of this report.

The spectra were of the following types: (1) ten stroke-resolved
spectra of first and subsequent return strokes, (2) time-resolved spectra

of two continuing luminosities, (3) the spectrum at three different heights

alzag the channel of a single return stroke. All are fully reduced in
terms of flux (erg/}\-cm"’) at the entrance pupil of the spectrograph and
corrected for atmospheric transmission. While not a large statistical
sample, these spectra are of considerable value, for they are the only
quantitatively reduced spectra covering the full virible vavelength range.

The spectrum of lightning consists of a rtrong continuum with strong

lines attributable to NII, NI, HI, and OI. Tre spectra of first return

strokes differ fram those of subsequent return strokes and continuing lu-
minosities. If the best straight-line fit is made to the comtinuum, the
ratios of continuum in the vicinity of 3900 } to that in the vicini\y of
6900 X are 2.0, 1.6, apd 1.0 for first return strokes, subsequent return
strokes, and continuing luminveities, respectively.

These ratios indicate
decreasing channel temperatures in the order given.

Also, if the ratio of
NII radiation to NI radiation is used as a measure of excitation and foni-

zation, then first retwrn strokes have the highest degree of excitation

and ionization of the three lightning phenomena, and continuing luminosi-
ties have the lowest,

On the basis of the 10 return-atroke s,ectre, considering atmospharic
transmission and photodetector sensitivities, the blend of NII multiplets
at 5000 A and the Ha 1ine at 6563 R appes= to be the most outstanding
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feutures vith & pctential faor dissrimination applications. Under s va-
rinty of starm and background light conditions, the 5000-1 feature my
be even better than the 6563-1 line.

The charge transferred to ground eml the energy deposited in the
cliannel vere calculated using slestromgretic data and photographic rang-
1ng data. Using data on 18 strokes from six flashes, averages of charge
transferred to ground are 7 coulombs/stroke, and 28 coulcmbs/flash. The
snergy per meter of channel deposited by a return stroke renged heiween
2 x 10* apd 3 X 10° joules/meter. The efficlency for the comversion of
alsctrical energy to visible (3900- to 6900-1) radiation was calculated

{0 be 0.T7%.

I. INTRODUCTION

During the 1965 ARBA-AEC joint lightning study

at Los Alamon, coordinated data were cbtained from a
time resclved spoctrogrearh, from collimated photom-
eters with rarrov spectral bandmasses, from all-sky
photometers similar to tuose used in the IASL High

ititude Air Fluarescence Detection System, and from
axtrzaoas dasigned to studly the clectrommgnetic emis-
sioms proiuced by lightning. The study was unler-
taken to cbhtain basic data on the physics of light-
ning and statistical inforwation on its optical and
elsctrompgortic emissicus to improve lightaing dis-
crimination methods in Vela Sierrs systems. The re-
sults of the spsctrographic and IASL electromagnet-
ic~-pulse studies are discussed and applied to the
problsm of discriminntion.

The literature on the aptical spectrum of
lightning from 1901 to 1960 shows that the spectra
obtained by different technijues differ significant-
iy in certain features of impartance to desizners of
systems intended to detect high saltitude air fluo-
rescence from clandestine nuclear tests in space.
Those investigators, including Salanave, vho em-
ployed slitless spectrographs, repart & strong con-
tinuum throughout the visivle wavelength renge with
strong line features from neutrel and singly ionized
atome, in some cases vith & vide wvater-vapor absarp-
tian band extending from 5900 to 6000 &, ant 1in s
fev (approximtely 5%) cases vith weak N 1N molecu-
iar-bapd emission. On the other hamd, those who em-
ploy conventionsl slit spectrographs to obtain long

b

time exposures (1 to 2 hours) st night of all the
light emitted by a lightning storm repart that mo-
lecular bapds in genercl, and the N3 1N bands in
particular, are among the most dominant features in
the visible spectrum. Since the detection of high
altitude air fluorescence is based on & nArrov op-
tical bandwidth channel st the 391k} bandhead of
the I 1N (0,0) transition, it is impartant to ocb-
tain ansvers to the following Questions: (1) What is
the source of molecular-band radiation in a light-
ning starm?! (2) Is this source capable of trigger-
ing the sll-sxy air fluarescence detection system?
(3) If this source can trigger the all-sky detesction
system, can the system be modified to decrease the
false alarm rate during lightning storms?

There are data in the literature which have a
bearing on these Guestions. In 1903 Fax® cbserved,
from slitless s actra, that relative intensities of
various atomic line features in a lightning channel
varied as a function of height along the channel.
Then in 1941, Isrsel and Wurw,® using a slitless
spectrograph, first mmde the now confirmed observa-
tion that the degree of ionization and excitation as
measured by the ratio of radiation from singly ion-
ized atoms to that from neutreal atoms is highest
near the bottom of the lightning channel and de-
cresces toward the cloud., They also identified the
K2 1N hands whose excitatian followed that of the
neutrel atams and wvas therefare a stronger spectral
feature nearer the clowds.

Meinel and Salanave* have stulied the possible
smurce of Ib+ emission in lightning stor s and




limited the list of possibilities to the following:
(1) coatinuing luminosity {n the main channel,
(2) the presumed fan of streamers within the
clouwd that srread the charge pulse,

(3) leader processes, or
(4) ccrons, which emnates from a large area of
the earth's surfece, and can produce long duration

pulses with significant exposure in & time-integra-
ted spuctrum,.

During the summer study, we obtained & number
of time-resolve. slitless spectra which were then
fully reduced to give the incident, time-integrated,
spectral flux (ergs/cm= l-1) at the entrance pupil
of the spectrograph as a function of wavelength;
these spectra were carrected for atmospheric trans-
mission. In & search of the literature no other
fully reduced spectra of lightning wvere found.

This repart discusses these spesctrographic data
and the IASL electromagnetic pulse data in an at-
tempt to answer some of the Questions posed here anmd
to extruct a few mare numbers to add to the meager
supply of quantitative resulte on ‘{he physius of
lightning.

II. SPECTROSCOPY OF LIGHTNING

A. Apparatus

The reduced spectra vere obtained using the
MGS lens and grating slitless spectrograph® with
film-aperture ratio of £/2.8 and dispersion of ap-
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Fig. 2. Calibration setup far N4GS spectrograth.

praximately 90 }/m. Figure 1 is a disgram of the
NUGS optics. A measured resolutior of about 6 X was
realized. Spectra covereld the wavelength interval
3800 to 7000 k. A horizrutal slot at the norml
slit plane defined the field of view to either 0,05°
or 0.3° vertical by 16° horizontal (total angles).
Tinme resolution, attained by film motion perpendicu- 4
lar to the direction of dispersion, was either 3 ar

18 msec. The film used was Eastwan Kodak 2475,

Figure 2 shows the setup of the calibration
source., The tungsten ribbon vas placed et the focus i
of the aluminum mirrcar, and the focus wvas checked
with a theodolite. The image of the ribbon was then
foarmed at the entrance slit by an objective lens and
centered on the 1004 -wide vertical slit used for
calibration. The shutter open time vas meusured by
pPlacing a phototube inside the spectrograph at the
plane A-A (Fig. 1) and displaying the sigmal on en
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oscilloscope. Spectrs of the tungsten filament were
then recorded c¢.. *lm ferr various comhinaticns of
calibrated neutral density filters. A wavelength
calibration vas cbtained by taking spectra of a mer-
cury and a neon saurce. Sensitometric step wedgeas
were impressed on the film vhich vas then developed
by & Verscmmt fiix processor.

The tesperature of the tungsten filament was
modsured with a pyromster and determined to be
2024 .4°K. The trightness vs wvavelength curve for
<he tungsten lamp vas determined using W. Gould's
RAY cole.

A transmission, T(A), vas calculated at 100~k
intervals between 3800 and 7200 X far each filter
combination. This trensmission is multiplied by the
trightness, B(A), of the tungsisn lamp and by the
exposure duretion, 7, and div’ded by the product of
dispersion, D, and the width, W, of the entrance
slit in the film plane to give the time-integrated
brightness, IN'B(A), of ths image in the entrance
slit,

ergs
IN'B(A) = [B(A)T(\)1]/DW ——
¢

oRoar

for an entrance-slit width corresponding to 1 k in
the £1lm plane.

For the presentation of the data in final farm,
this brightness at the entrence slit is converted to
flux at the entrence pupil.

C. Mathod of Data Reduction

The densitomstry was carried out on the Castman
Kolak microlensitometer. The slit chosen vas 25
high (the spectra ranged between 50 and 300 in
height) and 150 4 wide (equivalent to 13.5 R). Al-
though the theoretical resclution of 3 k for the
spesctrograi - vould have dictated the use of a slit
approximtely 30 4 vide, it was jedessary to use the
wider slit to lessen the noise in the densitometer
tracing, since this noise wvas due to the graininess
of the film. The densicamter was calibrated daily
using a step wedge as a stapdard.

The densitometer tracings of the spectra were
digitized and put on IBM cards, and the data reduc-
tion vas carried out by a series of computer pro-
gams. A description of the data reduction of ome

of the spoctre is given to illustrete the steps
takea. The spectrum is that of a return stroke of
flash nurber 103 of run 40 (hereafter referred to by
Count No. 40.103), which was the strcke on vhich the
matoelsctric systems triggered. This wvas the sec-
© .. stroke of a multistroke cloud-to-ground flash.

Figure 3 is a plot of density vs wvavelsngth for
the daylight exposure taolean milliseconds before
flash 40.103. Three separate trecings were mads
milliseconds apart and hand avereged on & light
table. The dots in Fig. 3 represent theae averagnd
daylight background data. The solid line is the

data coarrected by the step-wedge calibreation of the
uensitometer.,

The solid line in Fig. 4 is the densitometer
tracing (corvected by step-wedge calibretiom) of the
stroke vhich occurred at the times of the trigger for
flash 40,103,

e densitometer tracings are reduced using “he
calibrations described in Section B. The results
for the daylight background and the lightning spac-
trum ere shown in Figs. 5 and 6, respsctively. The
wvavelength scale has also been corrected at this
point.

Run 40 Count 103

Dayhight Background
EY3

&0

Rl /
23

Densiry

| |
| N

() A A5 7 g

o N o0 isn

Wovelength (R)

Fig. 3. Density vs wavelsngth moduced by daylight

background millisecands befare count 103,
Tun 40, Zero density equals film fog level.




Density

TIME INTEGRATED BRIGHTNESS (ergs /cm?/ ster /A)

Run 40 Count 103
Time = Trigger + O msec

i

500 Lo

500 0 W 10

Wovelenyth (1)

1500 S0

Fig. 4. Density vs wavelength mroduced by lightning
strokes plus daylight backgroumd, Zero
density equals f£ilm fog level.

Figure 7 chows the result of Jubtracting the
daylight background from the lightning spectrum,
Figwe 0 18 the huaid-air trapsmission under

Los Alamos weather comditions, (Far discussion of
8tmospheric trensmission see the Appendix,) Final-

Run 40 Court 103
Doyhight Background

F i

“ N
. e,

Run 40 Count 103
Time = Trigger + O msac

/ster/A)

TIME INTEGRATED BRICHTNESS (evqs'r:"ﬂ2

%

o0 5500

Wouelength ity

Fig. 6. Lightning spectrum plus inferred daylight
spectrun vith vavelength scale carrected,

ly, the spectrum is carrected for humid-air trans-
mission (see Fig. 11), and the dominant radisting
species ave fdentified using Charlrtte Mocre's mul-
tiplet designmations® which are given in Tabls I.

Run 40 Coumt 103
Time * Trigger + O msec

T

TIME INTEGRATED BRIGMTNESS (ergs/cm?/ster/A)

50 born LR Yas e oo

e
Wowelength {A)

Figs 5. Inferred daylight background spectrum with
wavelenrgth scale corrected.

[ 450 sm

50

w50
Wovelength  (R)
Fig. 7. Spectrum oz lightning expressed as bright-

Dess vs wavilength of channel image at
spectrograpa entrance slit.
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Table I. Multiplet Desigmaticua

Tera Energy

Iabxetory {sV)

Vavelangth Inten- Multiplst
—AN)__ sty L P 3 R - TR
H . lontsaticn Potential 13.54 eV

6562.8)7 Hy 10.15 12.0b — 22038 ete
MB61.332 HR  10.15 12.59 —_— (1) 4% ete
43h0.M468 BY 10,15 13.00 — 5% ate
M01737 ms 105 15.16 —_— 5% ete
3,700 He 10.15 13.26 —_— VD ete
NI Ionizetion Potential 14 .49 eV

23,04 5 10.2) 13.21 2-1/2 - 2.1/2  etphptPP
4230.35 b 1029 1821 2.1/2 - 141/ (5)’
5224 T b 2029 B321 112 12

b2tk .73 5 1029 1321  1-1/2 - 2.1/2

a215.92 2 1026 13.21 1/2 - 1-1/2

4151,46 12 1029 1326  2-1/2 - 1-1/2  3atp-lipts®
11h3 42 1029 13.26  11fe - 112 ©)
8137563 7 1028 13.%6 12 - 11/f2

M00.98 12 108k 1365  1-1/2 - 2-1/2  3-%p.3pt MO

99 9 10.63 13.64 12 - 1-1/2 110)

411k .00 6 1064 13.68 11/ -1.1/2

600848 10 115 3.1 1/2 - 1.1/2 3p%3%-ka?p
599947 6 1155 1341 12 - 1f2 (i5)
o6k .96 9 171 13.57 3-1/2 - 2-1/2  3p*DC-50%P
6653 41 5 ALl .56 2172 - 11/ (20)
6656 51 1 L.70 13.5% 12 - 1

6622,53 3 11 13,57 2-12 - 2-1f2

6637.01 b 11,70 3.56 1-1/2 - 1.1/2

66465.52 2 11.70 13.5% 12 - 12

6h82.74 9 LT 13.62  3-1/2 - h-1f2  3ptpO-haty
1. . ) 9 171 13.61 2-1/2 - 3-1/2 (21)
6h83.75 3 170 1361 1-1/2 - 2.1/2

G217 2 11.70 13.60 1/2 - 1-1/2

655 M5 0 171 13.61 3-1/2 - 3-1/2

6499.52 30 1.1 1361 22172 - 2.12

€h91.20 3 11,70 13.60  1-1/2 - 11/2

6723.12 9 179 13.63 2-1/2 - 2-1/2 3p*PP-la‘p
5733.48 6 1.79 13.62 12 - 12 (31)
6706.20 b 1079 1363 1-1/2 - 2-1/2

67h1.29 3 11.79 13.62 112 - 12

01 Ionization Petentis) 13.56 eV

6158.19 18 10.69 12.70 3 - 35p.47p0
6156.78 17 10,69 12.70 2 - (10}
6155.99 16 10.69 12.70 1-
NO Tonizaticn Potentisl 29.49 eV

567, 56 10 1B.50 20,508 2-3 3s3P-3p7D
5666 .64 8 13.39 20,0 1-2 o)
5676 .2 6 13.78 20.% 0-1

5710,76 & 18,b0 20,5 2.2

5686.21 6 18.39 0.5 1-1

¢ (30.67 %, iR.BO 20,5 2-1

5005,058 8 18,40 20.85 2-1 30°P0-3%s
5010620 S  18.39 20.% 1-1 )
5002 ,692 2  18.38 20.% 0-1

4630.537 10 18.40 21.07 2.2 30°F°-35°P
4613.658 6 18.39 21.06 1-1 (5)
L6A43 .06 8 18.40 21.% 2-1

u621.39% 7 18,39 21.0%6 1-0

h601.478 8 18.3) .07 1-2

507.153 7 w.er 21.06 0-1

8

Iabaret ory

Term Energy
(ev)

Wavelangth Iuten-
ity Lo

Ionization Fotential 29.49 ev

NO (cont,)
3994 .9%

h7.033

5005 .140
5001,469
5001.128
5025 665
5016.387
5040.76

f 07.3.5
499 . 358
k987.377

5941.67
5931.79
597.82
5952.39
594025
5%60.93

4227.740

6167.682
6175 .40
6170.16
6136.9
6150.9
6114.6

holl.321
hol3.537
4035.087
4057.00
Lolk .75

k432,739
41,99
uh33 .48
31,82
b427.97

b6 .55
b677.93

5012 .026
5005 .140
4997.23
523.11
5011.24
L4994 .358
4991.22
471843
L0045
h0R.57
h121.59

1

=

ONV F~ND FNO=y O O«-Jcis

HOOOOOOOKRN NONNODN

18.h2

20.32

High

21.51

23.10

23.04
23.03
23.R
25.0
23.@
23.2

23.31
23.32
23.32
23.15
23.14
23.14
23.1h
23.14
24,1k

24,543

25,04
25,03
25.03
25.04
25.03
25,93

Multiplet
Jd Noe

1.2 3s3P°-3pD
(12)

1-2 3pip-3a1n0
(15)

3-4 3p°0-3a%p°

2.3 (19)

1-2

3-3

2-2

Dol

1-2 31°s-3a°P

1-1 @4)

1-0

2.3 3p°p-30%p°

1-2 (28)

0 1

2.2

1.1

2.1

2-3 3p'D-helP?
332)

bhos 39045

3-2 (36)

2.1

3-3

2-2

2-3

h.s 3a37°-u413%

3.4 (39)

2.-3

bk

3-3

2-3 3a3pP415p

1-2 (55)

0-1

2-2

1-1

1-2 3l he3p
{61)

1.2 3410 heip
(62)

3-3 303p-3p°F°

2.2 (64)

1-1

3 -2

2.1

2 3

1-2

bk 3p°p%-34%D

3-3 (68)

2-2

he3

32

2.1

1-0

3.4

2-3

1-2
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Fig. 8. Humid-air transmission for 7-km oboerva-
tion path under Los Alamos weather condi-
tions.

D. Results

The results are presented here in the form of
fully reduced spectra whose strongest ami mout re-
produzible (from stroke to stroke) features are
identified. These spectra are presented in Figs. 9
through 25 as plots of wavelength vs tire-integrated
flux at the entrance pupil of the spectrugraph.

Each is identified by a run and count nurber. The
time given 1is that at which the spectrum was ob.
tained measured relative to the trigger provided by
the collimated ;hotoél.ectric Hn channel:. The rec-
ords of the Lgs Alamos weather station wore used to
calculate the atmospheric selsctive transmission as
described in the Appenc.ix. The range of the stroke
wvas measured by photographic trianguletion.? The
spectral flux is integrated over wavelength from
3900 to 6900 R, and after rain transinission carrec-
tion this result is used to calculate the efficiency
of conversion ot electrical energy to visible radia-
tion in the channel.

Tt must be pointed cot that the t me-integrated
flux 1s that originating from a length of channel
vhoee vertical component is £. The vertical length
of the channel over which the spectrum is spatially
integrated is dependent on range and is given by

£ = 0.9 R meters, where R is the range in kilometers.

Spectra were obtained for firct return strokes,
subsequent return strokes, and continuing luminoei-
ties.

E. Discussion of Results

In the date reduction the most difficult prob-
lem was to prove that the continvuw, inferred from
the slitless spectra, was indeed true continuum and
not scattered 1light.® This mroblem was solved dur-
ing the summer of 1966 by operating the same spec-
trograph as a timc-resolving slit instrument. On
the vhele, the slit and slitless spectra show fea-
tures similar to those described above, Whﬂe the
results of the slit spectra are still preliminary,
I can make the following statements regarding the
two types of spectra:

(1) Neither the time-resnlved slltlens spec-
tre nor the time-resolved slji, .;ectra shos & band-
head at 39.4 1.

(2) For the slitless spectra, the image of
the lightnirg chanrel at the entrance aperture my,
indeed, e regarded as the entr-ace slit; i.e. the
spectra presented here are free from errors dve to
light scattered from points at large angular dis-
tances from the channel. This conclusion is drawvn
from the structwral similarity of continua of the
slit and slitless spectra i1 those intervals
{3800 to 4000 }, 4800 to 5200 i, and 6800 to 7000 })
in which the spectrograph-film sensitivity 1s chang-
ing quickly as a function of wavelength.

(3) Linewidths for the slit spectra are nar-
rower thar those for the slitless spectra. This
my be due to light scattered, reflected, or emit-
ted close to the channel or %o light scattered at
smll angles near the mopagation path to the de-
tector. However, such scatiering is not sufficient
at large distances from the channel to contradict
conclusion (2), and limits the intermretation of the
slitless spectra only insofar as it prevents the in-
ference of linewidths from them.

The slitless ~pectra may be classified as:
(1) first retura strokes, (2) subsequent retvrn
strokes, anl (3) continuing luminosities, each with
different spectral characteristics. The descrip-
tions of each follow.
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Fig. 10. Spectrum (taken at twi’’ ht) of first return stroke, Electrical energy deposited is unknown.
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Fig. 11. Spectrum (taken at twilight) of subsequent return stroke. Electrical energy deposited is uninown.
Rain transmission = 3.6 X 10~2, Visible energ; radiated = 5.6 x 107 joule/meter, corrected fcr
raipnfall transmission. Range = 7 km.
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Fig. 12. Spectrum (taken at twilight) of subsequent return stroke. Electrical energy deposited is unknown.
Rain transmission = 3.6 x 10-2, Visible energy radiated = 4,2 x 10! joule/meter, ccrrected for
rainfail transmission. Range = [ km.
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Fig. 15. Spectrum (taken at twilight) of first return stroke. Electrical energy deposited « 3.2 x 10*
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Joule/meter. Rain transmission = 3.3 x 10=. Visible erergy radiated = 2.3 x 10?7 joule/meter,
coarrected for rainfall transmission. Range = 7.2 km.
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Fig. 16. Spectrum (taken at twilight) of first return stroke. Electrical energy deposited = 2.1 x 10* i
Joule/meter. Rain transmission = 1.1 x 10°!, Visible energy radiated = 2,3 x 10° joule/meter,
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Fig. 17. Spectrum (taken at twilight) of subsequent return stroke which results in a continuing luminosity.
Elactrical energy deposited ie unknown. Rain transmission = l.1 X 10°t, visible energy radiated
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Fig. 18. Spectrum (taken at twilight) of continuing luminosity. Electrical ensrgy deposited is unknova.
Rain transmission = 1.1 x 10°!, Visible energy radiated = 7.9 joule/meter, corrected for rain
transmission. Range = 4,0 km.
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19, Cpectrum (taken at twilight) of a continulng luminosity. Electri.al energy deposited Js unknown,
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Fig. 20, Spectrum (taken at twilight) of a continuing luminosity. Electrical energy deposition is unknown.
Rain transmission = 1.1 x 10°*. Visible energy radiated = 4.5 joule/meter, corrected far rain
transmission. Range = 4.0 km,
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Fig. 22. Spectrum (taken at night) of continuing lumincsity. Electrical energy deposition is urknown.
Rain transmission = 1.5 X 10~1, Visible energy radiated = 1.9 x 10' joule/meter, corrected for

rain transmission. Range = 4,6 km.
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Run 44 Count 195 Height = H+O meters
Time = Trigger + 75msec
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Fig. 23. Spectrurn (taken at night} of probable first return stroke. Electrical energy deposited and rain
transmission are unknown. Spectrum corresponds to an element of the channel at fiducial altitude
H. Visitle energy radiated = 1.9 x 10! joiie/meter, not corrected for rain transmission. Range
1 = 12 jos. On the basis of distribution as a function of range of absolute irradiances, ac measured
by collimated photometers, the rain extinction coefficient is estims 3d to be 0,15 km~). Thus,
estimated rain transmission for this count is ~ 1.7 x 10-",
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Run 44 Count 195 Height = H +19 meters
Time = Trigger + 75 msec
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Fig. 24. Spectrum (taken at night) of probable firei return stroke. Electrical energy deposited and rain

transmission are unknown. Spectrum corresponds to an element of the channel at altitude H + 19
meters. Visible energy radiated = 1.2 x 10t Joule/mater, not corrected for rain transmission.
Range = 12 km. Estimated rain transmission ~ 1.7 x 10-! (refer to Fig. 23 caption).
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Fig. 25. Spectrum (taken at night) of mrobable first return stroke., Electrical energy deposited and rain

transmission are unknown. Spectrum carresponds to an element of the channel at altitude M + LO
meters. Visible energy radiated = 1.1 x 10* joule/meter, not carrected for rain transmission.
Renge = 12 km. Estimated rain transmission 18 ~ 1.7 x 10~} (refer to Fig. 23 caption).
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1. First return strckes - The strong line fea-
tures are attributable to the species NI, NII, OI,
HI, and there are no molccular bandheads. If the
spectrun vere vieved by & 20- to 30-A-bandwidth de-
tectar, the strongest feature, on the average, would
be the blend of fowr NII multiplets at 5000 A, (A
feature such as NIT (12) at 3995 A mAy have a higher
peak, as seen by the spectrograph, but it 18 much
naerrower.) There 15 also & high density of weaker
miltiplets between 4000 and 4250 &, and an Hy fea-
ture appears vhich, on the average, 1s molerately
strong. Using the ratio of NII to NI readistion as a
measure, the degree of ionization is higher in fi-st
retwrn strokes than in either subsequent retiurn
strokes or continuing luminosities. The best esti-
mate of a straight-line fit tu the continuum shows
that the ratio of tne continuur at 3900 X to that at
6900 X 18 ~ 2.

2. Subsequent return strokes - Strong line
features are attributable to the species NI, NI1,
0I, and HI, and there are no molecular bandheads.

If the spectrum is viewed by & 20- to 30-} band-
width detector, the strongest feature is, in every
case, Ha at 6563 X. The next -+vongest 1s NIT at
5000 }\, but it is not, on the average, mich stronger
then a few of the multiplets which make up & blend
of features between 4000 and 4250 X. The degree of
ionization 1is lower than in first return strokes and
higher than in continuing luminosities. The best
estimate of 0 straight-line fit to the continuum
shows that tne ratio of the continuum &t 3900 } to
that at 6900 A 1s ~ 1.6.

3. Continuing luminosities - The major line
features are attributable to NI, OI, ad HI, with
very weak NIT. The strongest line feature in every
case is Hy. The degree of ionization is lower than
for return strokes., The best estimate of a straight-
1line f£it to the continuum gives a ratio of continuum
at 3900 A to that at 6900 A of ~ 1. There is a very
much stronger, very broad blend of features between
3800 and 3900 A. Upcn rechecking ariginml calibra-
tions, reducing additionsl calibration data, and
checking the magnitude of possibl: errars incurred
in subtraction of daylight background, I must con-
clude that this blend of features is definitely
real. In addition, the spectre of continuing lumi-
nosities are in qualitative agreement with those of

Salmsnave. In Salanave's spectra, lines andi bands
are smeared in wavelength due to his methol of re-
cording, but he wvas able to conclude that "the con-
tinuing luminosity seems definitely strongest in
that part of the spoctrum favared by the CN and N3
bands, and Hy."® The spectre presented here seem to
show that continuing luminosities ares not & major
source of N; 1N seen hy long exposure slit spectro-
graphs.

As mentioned above, the cal.bratioms are being
revorked using additional data which should yleld
the best possible reduction. Preliminary resulis
indicate an overall change in the spectra, such
that the flux vill be 20 to 20% higher in the blue,
5 to 15% higher in the green, and O to 10% lower in
the red.

F. Discrimination

While the lightning spectra are not a large
statistical sample, they do give camplete wavelength
coverage between 3900 and 650G X, and are therefore
useful in determining vhether or not there may be
other or better discrimination channels than either
41500 o 6563 K.

The merit of a discrimiration channel must be
based on the follov..g parameters: (1) its spectral
width and {ts average signal relative to that of the
3914-A detection channel, (2) the sensitivity of the
photodetactor at the wavelsngth of the discrimina-
tion chennel relative to that at 3914 X, (3) atmos-
pheric transmission at the wavelengths for detection
and discrimination, and (4) the field of view and
related considerations of tus math by vhich light
mrojagates into the detector, vhich can cause
changes in the relative spectrum detected.

A quantitative discussion of these perameters
for a discriminmation channel will be mresented in
Volume 4. However, it 1s worth pointing out that a
20-i-wide discrimination channel centered on a
blend of NIT multiplets near 5000 A my be as gond
or better a discriminant, under a variety of starm
and background light conditions, than one at either
4150 or 6563 A.

It seems Jarthvhile to investigate the poasi-
bility of using & parrcw bamd, 5000-}% chapnel. Tc-
ward this end the large s*atistical sample of
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Table TU. Field Cr 3» Calculations

Stroke Time Antenna Charge Charge
after Scope plus Preamp Field Chanze, Center Transferred,
Count Trigeer Sigral* Sensitivity AE Height Renge Q.
Ko. (moec) v) v (V/m) (lcm) (kkm) {c}
40,61
180 0.106 £ 29% 2.5 x 10° 260 + 29% 1.4 204 1.8 2+ 60%
2% 0.138 + 22% 340 ¢ 229 3¢ Lo
298 0.131 & 23% 330 + 23% 3 & 409
40.87
0.15 ¢+ 20% 2.5 x 1¢° 370 + 20% 1.2 = 20% 10.0 17 £ 40%
75 0.15 & 20% 370 £ 20% 17 ¢ L40%
245 0.076 ¢+ L4L0% 190 ¢+ L40% 9t 60%
206 0,073 ¢+ 4Lo% 180 ¢+ 40% 3+ 60%
274 0.050 + 62% 130 + 62% 6t B80%
L0,103
0,33 ¢ 50% 2.5 x 10° 830 £ 509 1.9 & 20%* T 9%+ 70%
L9 0,30 * 0% 750 £ 50% 8+ 30%
150 0.038 £ 100% 95 ¢ 100% 1+ 100%
188 042 ¢t 3% 1050 + 8% 12+ 30%
40,127
16 0,088 £ 35%¢ 2.5 x 10° 220 ¢ 35% 1.6 ¢ 20% 7.1 3% 60%
30 0.12 + 26% 300 £ 26% b + 509
I 0.9 t 21% 480 + 219 6 £ LC™
W7 0.053 £ 56% 130 ¢+ 56% 2+ B0%
40,171
55 0,110 £+ 28% 2.5 x 10* 27 + 284 2.3  20% 4.1 7% 50%
40,1086
150 0.065 £ L7% 2.5 x 10% 1600 £ 47% 1,9 £ 20% L7 6+ T0%

*The errar corresyonds to the halfwidth of the oscilloscope beam except for those signals occurring at tg.
If the signal occurred at to, the field strength before the stroke was unknown and the field change was
estimated by camparing the Ha signal vith other strokes of the same flash. The errar in this case is the

estimted errcr.

#No renging pictures were available. After a check of available renging data for other counts, & range of
7 km vas assuped. A plot of channel length vs range from ranging picture data furthermare indicates that

the vertical component of a channel at 7 km is 1.6 km.

Iater data on thunder indicetes & range of ~ 6 km.

broadband (~ 200-1) asta rar a channel vhich in-
cludes 5000 §, taken by EGAG-operated all-sky pho-
tometers,!? and the slit spectrs cbtained during the
sumer of 1966 will be used in the discrimination
and false alarm amalysis of Volume 4,

IXII. CAICUIATION FROM ELECTRIC FIELD ANTENNA DATA
OF THE CHARGE TRANSFERRED TQ GROUND BY LIGHTNING

During the 1965 ARPA-AEC joint lightning study,
IASL operated three electric field antenmas.” Two
of these antennas gave data on the change in the
vertical caspanent of the quasi-dc electric field
caused by & lightning flash. ¥nowing the range and
the channe) length from renging pictures and having
masured the electric field changs, it wves then pos-

28

sible, on the basis of a dipols model, to calculate
the charge transferred to the ground. The dipole 1is
farmed by a negrtive charge center near the bottom
of the cloud and its immge charge in the groumd. It
is the destruction of this dipole during & lightning
stroke vhich mroduces the measured field change.

The charge transferred, AQ, is then given by the
following expression vhich is equivalent to that
given by Malan.l?

h¥ + R?
N = 2nep | — m AE
amlrcuni-i
R
n? + R

= 5.55 % 10-5 x T X 8,
sin muniii

vhere h is the height of the charge centar above

SO



ground in kilometers, R is the distance from the
stroke to the antenna in kilometers, AE ie the ver-
tical field change in volts per meisr, ard 4Q 18 in
coulombs. The value of h was cbtained by weasuring
the vertical coaponent of the length of the visible
channel between ground and the cloud ard assuming
that the charge center was 20% higher, inside the
cloud.

‘he "slow antenna"!® wms built by Marx Brook of
the New Mexico Institute of Mining and Technology,
ard lent to IASL for the lightning study. Its sig-
nals were recarded both on an oscilloscope, giving
field changes far the vArious strckes in a flash,
and on paper chart, giving the total field change
for & flash. The A2 antenna vas a wire suspended
about a meter above the grourd which wvas kept at
the same potential as the surrounding air by means
of & radicactive source hung near its ceuter, as
descrived by Schonland.!* Tue signal from this an-
tenna was recarded on paper chart only and gave to-
tal field change for a flash.

Table II contains the results of the calcula-
ticn for field changes measured from the "slow an-
tenna" scope records.

The total field changes and total charge trans-
ferred in a flash are shown in Table III.

Table III. Total Field Changs and
Charge Transf{erred During Flash

A2 Antenna Slow Antenna Slow Anteana

Chart Data Chart Data Scope Dats
Count AE AQ AE AQ LB AQ
No. (v/m) (€) (v/m) ) (v/m) )
4C.51 1400 13 1400 13 930 8

40.87 1700 80 1426 67 1120 57
40,103 4500 50 3300 % 2730 30
40.127 3600 k47 2500 33 1130 15
40,171 6000 16 1850 5 2700 7
40.18 1700 7 3840 15 1600 6

Average 36 28 21

n the basis of the estimated errors from Table
11, and tb- scatter in tue results in Table III, the
uncertainty in the calculation of the charge trans-
ferred may be sbout a factor of twvo.

The average charge transferred per stroke for
18 strokes given in Tabls II 1s 7 coulosbs/strake.
This agrees vith the value of 5 coulomus quoted by
Malanl? as the average charge dissipated to ground
by the first stroke of a lightning rlash. Malan
also gives 20 coulombs as the average charge trans-
ferred to ground per flash, which is in gool agree-
ment with the 28-coulomb aversge for six flashes
given in Table III.

The value of charge trensferred in a given re-
turn stroke is used in the next section to calculate
the energy deposited in the channel.

IV. EFFICIENCY OF CONVERSION OF EIECTRICAL ENERGY
INTO VISIBLE RADIATION IN A LIGHTNING CHANNEL

For the spectra presented in Section II D, the
energy radiated in the visible wavelength interval
3900 X < A < 6900 R per mweter of wertical component
of the channel has been calculated. Each plot of
the time-integrated spectral irradiance (joules/ca® R)
vs wvavelength at the spsctrograpl’'s entrance pupil
vas integrated over the wavelength rearge throughout
which the spectrograph calibrations were xnown ac-
curately. The wavelength- and time-integrated ir-
radiance, H, thus calculated wvas used with the
range, R, and channel height, h, measured by photo-
grathic triangulation,” to calculate the energy per
meter radiated by the channel:

v = UnR®H h-! joules/meter .

Table IV contains the results of the energy
calculations. Carrections have veen made for at-
mospheric selective transmission. No correction for
extinction by rain between source and detector has
been included, 'Using the results of charge-transfer
calculations made f these strokes, and range and
height infarmtion from the triangulation photo-
graphs, the energy deposited per mester has beern
calculated.

The potential, V, of an elemental charge, q,
relative to a conducting plane at a distance, h, is
1 q

V ® . —

l‘Y‘I’G:o 2h

The enargy, W, requicred to assemble & charge, Q, at
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Table IV. Calculation of Visible knergy

Stroke Altitude
Tie isngth of of Visible
after Channel Channel Energy

Count Trigger Ranges Elemsnt™ Elsment Joules
No. (msec) _(km) (meters) (msters) meter

40.87 87 10.0 n 17.4
40,103 -50 1.0 7.6 27.6
o] 20.3
31 1.53
L9 15.2
191 20.6
40,127 Y 7.2 8.0 75
40171 59 4,0 bl 24.8
T1* 1.08
™™ 0.87
& 0.47
&+ 0.49
40,186 152 4.6 5.1 8.75
150 2.77

bla195 ™ 12.0 13.3 - el 19.0
B +19 .7
K+ 40 10.6

*In the case of count 160.1&, the stroke at 152
meec resulted in a time-streaked spectrum due to
a cantizuously luminous channal; thus, vhile
there vas no "stroke" 15C msec after the trigger,
this qumber indicatas the center of the time in-
terval over vhich the flux wvas time integrated.
A similar situation exists for count 40.171 at
times T1, T7, 63, and 50 msec after the trigger.

#«The part of the channel imaged within the densi-
tater slit, i.e., the vertical length of chan-
nel over vhich the spectrum energy vas integrated.

#4907 the case of count 4b,195 the spectrum vas high
enough to permit three different densitometer
SCAns.

a distance, h, from the ground is then
1 Qg 1 @
H-I'qu-—j‘—dqa—— .
bneo o bmeo bh
0 0
Assuming that this energy is dissipated in a light-

ning channel by the transfer of charge to ground,
the energy deposited per mever is

1 e Qcoul) ]2 joule
V B e — = 2,25 x 10° c
bneo 4n® h{mter)] nmeter

Using these values of deposited energy anl measured
values of visible epnergy radiated, the efficiency,
¢, for conversion of electrical energy to visible
radiation can be calculated. However, the values of
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vizible emergy given in Table IV must first be cor-
rected fur transmission through rain.

Transmission through rain is discussed in the
Appandix. To determine the rain extinctiou coeffi-
clent, it vas first assumed that {t was raining all
along the path to the stroke at a rate of 10 mw/hour
which corresponds to a typical Los Alamos rainfall.
This rate carresponds to an extinction cosfficient
of ~ 0,86 kn~!. Assuming values ranging from 0,0
‘4hrough 2.0 for the extinction coefficient, it was
possible to calculate an efficiency foar seven
atrokes, The largest errors in the efficiencies
are dus to uncertainties in the rain transmission
carrection. These uncertainties are smllest for
the closest strokee and propoartional to the rain
transmission correction. Therefare, a weighted
average of the efficiency is taken in which the rain
transmission, Tr' is the welghting factar. The
weighted average is then

LeT,

o,

For each value of extinction « :fficient assumed, an
aversage deviation vas calculated, and the plot of
mean deviation vs extinction coefficient is showm in
Fig. 26, It is seen that there is a minisum mean
deviation for an extinction coefficient of 0.475
km*!. This figure was selected as the best esti-
mte of the rain extinction coefficient and carre-
sponds to an average rainfall of apmroximately 5 mm/
hour.

The results of the various calculations are
listed in Table V.

In summary, the visible energy radiated (3900
to 690C k) per unit of length of lightning channel
a8 been calculated using time- and wavelength-inte-
grated spectrographic data of the 1965 lightning
study. An estimated rain-transmission correction
vag used. The total energy deposition was calcula-
ted, assuming & dipole model o>f & lightning stroke
and using measured valuss of charge transferred and
channel length. The efficiency for conversion of
electrical energy to visible raaiation is found to
be 0.007 1:.36%.

il




Stroxe Time

Count afiter Trigger Range

No. (msec ) {(knm)
87 87 10.0
103 0 7.0
103 kg 740
103 191 7.0
127 Th 7.2
171 59 k.6
186 152 4,0

Table V. Ctlculation of Efficilency

Viaible Energy

Rain Erer Deposited Efficiency

Transmission _(Joules?:teﬁ)_ (joules/meter) ()
8.7 x 1073 2,0 % 10°? 3.5 % 103 6.1 x 10~
3.6 x 1072 5.6 x 102 5.1 % 10% 1.1 x 0™
3.6 x 102 b2 x 10® 4.C x 104 1.1 x 1072
3.6 x 10~ 5.7 x 10% 9.0 x 10% 6.4 x 10°°
3.3 x 102 2.3 1 10% 3.2 x 10* 7.3 x 102
1.1 x 10-% 2.2 x 107 2.1 x 10* 1.1 x 1072
1.5 x 10-1 5.0 x 10! 2.2 x 10* 2.6 x 1073

Extinction Coefficient Due to Rainfall = 0,475 km-!,

Weighted Average Efficiency

= 0,007 1 364,

*Carrected far (1) humid-air trensmission aod (2) estimatei ruinfall transmission.

100

60}

Mean Devistiom (Fercest of Aversge Effictercy)

1 - 1

10
0.0

Fig. 2.

L 1
(XY 0.2 0.3 [ XY
Mts Drtisetion CorfPictomt (km”?)

0.y [ 0.7

Plot of mean deviation of efficiency vs
reain extinction coefficient. The best
estimate of rain extinction coefficient
for run 4O was chosen asthat which mini-

mized the mean deviation.

APFENDIX

ATMOSPHERIC 1RARSMISSION

1. The transmission of dry air is given by

[ : R P mJ
T = exp .l X) — — ——
s o 8.0L 70 T

where u, (A) 18 the wavelength-dependent extirction
coefficient for molecular scattering, given ty Al-
len;’® R 1s the range of the lightning stroke in
kilometers; P is the partial pressure of air in
Torrs; apd T is the tempereture in degrees K.

2. The transmission of water vapor is given by
E
Ty = %P |- 28,86 Moy () (RJ.) R; o

where u__ (\) 1s the vaveleugth-depenient extinction
coefficient for vater vapar, given by Allen;'® R.H.
is the relative humidity expressed as a decimml
fraction; R is the range of the 2troke in kilomsters;
and E 18 the sat< ated vater vepor [ressure in Torr
at temperatu:e 7 in degrees K.

The transmission of hurdd air is the product
of 'I‘! apd Tw.

3. Trensmirsion through rein vhose drop diam-
eter is larger than 10 4 is wavelength-inmdependent
in the ~isible, accarviing to Middleton.'® The ex-
tincetion coefficient for water drops is then given
by“
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Mg = 2%10°Nno® (m))

vhere N {s the number density (cm~2) of drops of
redius g (cm).

Hardy'” has published dai: on drop-site distri-
buticas for varicus retes of 1einfall at Flagstaff,
Arizona. A rough numerical integration of 2xtinc-
tim coef?icient over drop size distribution vas
carried ocut, and the res ltant extiaction cosffi-
cient is plott~d as a function of rain inlensity in
Fi8e 210
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